Objectives: Hemorrhagic shock followed by resuscitation (HSR) commonly triggers an inflammatory response that leads to acute respiratory distress syndrome (ARDS).
Introduction
Hemorrhagic shock followed by resuscitation frequently triggers an inflammatory response as reflected by an increased expression of numerous inflammatory mediators including tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Acting as a first insult, hemorrhagic shock and resuscitation (HSR) may prime the immune system to enhance a deleterious host reaction in response to a secondary stimulus. This so-called "two hit" hypothesis has been examined a variety of animal models of endotoxemia following hemorrhagic shock (13) (14) (15) (16) . For example, HSR followed by intratracheal instillation of lipopolysaccharide (LPS) increased cytokine and chemokine responses that led to lung neutrophil sequestration and injury as compared to either HSR, or LPS alone (14) (15) (16) .
Mechanical ventilation represents life-saving support for many patients with respiratory failure (17) . However, mechanical stresses produced by mechanical ventilation can lead to ventilator induced lung injury (18), with generation or enhancement of an inflammatory response (19) (20) (21) (22) (23) (24) . Recent studies have demonstrated that ventilation-induced lung injury (VILI) can be associated with decompartmentalization of inflammatory mediators (25,26), leading to systemic inflammatory responses and possible end-organ dysfunction (27, 28) . Approximately 20% of patients who have hemorrhagic shock require mechanical ventilation, but the two hit impact has not been well addressed in terms of VILI and other end organ failure following mechanical ventilation (29) . In this study, we tested the hypothesis that HSR renders the lung more susceptible to VILI and, ultimately, can lead to an increased systemic inflammatory response and end-organ dysfunction.
Material and Methods

Surgical preparation
A detailed description of surgical procedures is provided in the Supplementary Material for the Online-Only Repository. Briefly, all experiments were conducted in compliance with Animal Care and Use Committee-approved protocols of St. Michael's Hospital. A tracheostomy was performed, and a 14-gauge cannula (Angiocath IV Catheter, 2.1 x 48 mm, Becton Dickinson Infusion Therapy Systems Inc. Sandy, Utah) was inserted into the trachea of male Sprague-Dawley rats. The animals were ventilated with a small animal ventilator (Voltek Enterprises, Ontario) using a tidal volume (Vt) of 7 ml/kg, positive end-expiratory pressure (PEEP) of 3 cmH 2 O, and a respiratory rate of 50 breaths/min with a fraction of inspired oxygen (FiO 2 ) of 35 -40 %.
Hemorrhagic shock and resuscitation
While the animals were being ventilated as described above, hemorrhagic shock was initiated by withdrawing blood over a period of about 15 minutes, until the mean arterial pressure To examine the inflammatory responses induced by HSR before randomization to different ventilatory strategies, five animals were sacrificed at the end of the 1-h HSR. An additional five animals served as a time-matched sham controls without exposure to HSR. These animals were ventilated with the same settings as described above during HSR, and sacrificed immediately after resuscitation.
Experimental protocol
Following HSR, the animals were randomly assigned to receive 4 hour of mechanical ventilation with 2 different strategies: Group 1 (HSR + HV, n = 10): the animals were ventilated with a high Vt (HV) of 12 ml/kg and zero PEEP (ZEEP); Group 2 (HSR + LV, n = 10): the animals were ventilated with a low Vt (LV) of 6 ml/kg with PEEP of 5 cm H 2 O.
A third group (Sham + HV, n = 10) was ventilated with an initial tidal volume of 7 ml/kg, PEEP of 3 cm H 2 O, and a respiratory rate of 50 breaths/min for 1 h to serve as a time matched control without HSR, followed by a Vt of 12 ml/kg and ZEEP for 4 hours.
Detailed methods are provided in Supplementary Material for the Online-Only Repository regarding hemodynamic monitoring and fluid maintenance, measurement of lung mechanics and blood gases, respiratory system pressure-volume curves, sampling, measurements of cytokines and biochemical markers of organ dysfunction, apoptosis assay of lung and distal organs, lung wet/dry ratio, and statistical analysis.
Results
Hemodynamics and arterial blood gas exchange
MAPs for the 3 groups are shown in Figure 1 . There was no difference in baseline among the groups, and MAP was identical for the 2 groups receiving hemorrhagic shock. The volume of blood withdrawn was also similar in the hemorrhagic groups (HSR + HV: 9.2 ± 0.2 ml vs. HSR +LV: 9.0 ± 0.2 ml, p = NS). Fluid resuscitation restored MAP to above 100 mmHg initially and MAP was maintained above 70 mmHg during the 4-hour ventilatory period. There was no difference in the volume of fluid infused during the 4-h ventilation (HSR + HV: 14.8 ± 0.13 ml vs. HSR + LV: 14.7 ± 0.15 ml vs. SHAM + HV: 14.2 ± 0.24 ml, p = NS for all). 
Respiratory mechanics
The baseline level of lung elastance was similar in all groups ( Figure 3A ). At the end of the first hour of ventilation, lung elastance was significantly increased in the group receiving HSR + HV as compared to HSR + LV. At the end of 4-h ventilation, lung elastance was 1.53 ± 0.04 cm H 2 O/ml in the group receiving HSR + HV and 1.08 ± 0.037 cm H 2 O/ml in the group receiving HSR + LV (p < 0.001, Figure 3A ). Lung elastance was also significantly higher in the SHAM + HV group than in the HSR + LV group (p < 0.05) between the 1 st h and the 3 rd h of ventilation; the difference did not reach significance at 4 h.
It is possible that some of the measured difference in elastance was due to differences in lung volume with the different ventilatory strategies. However, the pressure-volume curves shown in Figure 3B essentially provide the same message with the volume at a pressure of 30 cmH 2 O for the HSR+LV > SHAM+HV > HSR+LV; these track inversely with the changes in elastance in Figure 3A .
Lung wet/dry ratio
The wet/dry ratio was 4. TNF-α levels increased in lung homogenates 2 h after HSR, and were also elevated at the end of 4-h mechanical ventilation. The TNF-α levels were higher in the SHAM + HV group than in the sham control group.
Levels of IL-6 and macrophage inflammatory protein (MIP-2) increased slightly after HSR but these increases did not reach statistical significance. However, the levels of IL-6 and MIP-2 in lung homogenates increased dramatically in the HSR + HV group compared to the sham operated group (both p < 0.05).
Plasma (Figure 5)
Plasma TNF-α level significantly increased 2 h after HSR, and returned to near baseline levels at the end of the 4-h mechanical ventilation, consistent with the short half-life of TNF-α.
Plasma levels of IL-6 and MIP-2 were unchanged after HSR but significantly increased in the HSR + HV group as compared to the other groups with the exception that the MIP-2 level was similar between HSR + HV and SHAM + HV groups.
Biochemical Markers for Organ Dysfunction
HSR alone did not alter the plasma concentrations of the enzymes that were used to evaluate organ function ( Figure 6 ). The AST levels were higher in the HSR + HV group than in any other group, and the levels of ALT and creatinine were higher in the HSR + HV than in SHAM + HV group. The levels of the biochemical markers to evaluate liver and kidney functions were higher in the HSR + HV group than in SHAM + HV group, but were not significantly different from the HV and LV groups following HSR.
Blood lactate levels were higher in the HSR + HV group than the other groups ( Figure 6D ), while there was no difference in the values of pH and PaCO2 among the groups (Figure 2 ).
Epithelial cell apoptosis
Since the lung, kidney and small intestine but not the liver showed some degree of apoptosis after H&E staining, these organs were further analyzed using the terminal deoxynucleotidyl 
Discussion
The main findings of the present study are: 1) HSR increases susceptibility to pulmonary manifestations of VILI (deterioration of pulmonary mechanics and reduced oxygenation), and is associated with enhanced systemic cytokine responses (IL-6 and MIP-2) and elevated epithelial cell apoptosis in the kidney and the villi of the small intestine. 2) In the absence of HSR, the same ventilatory strategy induced less lung injury. 3) HSR followed by a low volume and moderate level of PEEP were associated with less evidence of systemic manifestations.
Inflammatory response
Hemorrhagic shock is frequently associated with cytokine responses (1-12) and can be a TNF-α, IL-6 and IL-8) were correlated with mortality rate in ARDS patients (36). ARDS patients ventilated with low tidal volumes had an improved survival rate that was associated with a decrease in blood IL-6 levels (34). These data do not prove the exact role of cytokine levels but are suggestive of their importance.
One might expect to see greater differences in cytokine responses and end organ dysfunction between the animals ventilated with high tidal volume and zero PEEP compared to the low tidal volume with PEEP of 5 cmH 2 O, following HSR. Several factors might explain why the differences were smaller than expected. First, we used a tidal volume that was only moderately high in order to simulate more closely the clinical setting. Higher tidal volumes or prolonged ventilation may be required to achieve a greater signal (21, 24). Second, the hemorrhagic shock model does not induce a severe direct lung injury, as opposed to other models such as intratracheal acid instillation. Taken together, these data suggest that early TNF-α release is required during HSR to increase susceptibility to VILI, but mechanical ventilation itself has pro-inflammatory consequences. volume mechanical ventilation and PEEP at a level that set to obtain the greatest improvement in arterial oxygen saturation, whereas a low tidal volume ventilatory strategy with PEEP levels that were applied based on volume-pressure curves decreased the levels of these cytokines (33). The ARDS Network study reported a lower plasma IL-6 concentration in ARDS patients ventilated with a low tidal volume than in those patients ventilated with a high tidal volume (34,37). In addition,
there is a good correlation between changes in plasma IL-6 concentrations and the development of multiple system organ dysfunction (38) in patients with ALI/ARDS.
Lung Injury
We set out to test the hypothesis that HSR would prime the immune system thus rendering the lung more susceptible in response to an inappropriate ventilatory strategy. To achieve a large Our data support the hypothesis that HSR can produce a priming effect in which exposure to a mechanical stress with high volume boosts inflammatory responses. This is reflected by accelerated lung injury, increased respiratory elastance and reduced oxygenation. The animals ventilated with a high tidal volume following HSR had significantly higher levels of plasma lactate as seen in patients with ARDS as a result of persistent lung injury (50-52).
We also found that a large tidal volume with ZEEP tended to cause injury to otherwise healthy lungs that were not subjected to HSR. This observation is consistent with a recent experimental study showing that mechanical ventilation using a moderate tidal volume (10 ml/kg) and ZEEP imitated a pro-inflammatory stimulus to the lungs, resulting in upregulation of gene transcription of the cytokines TNF-α and IL-1β and the chemokine monocyte chemoattractant protein-1 (MCP-1) (53) . In a recent retrospective human study, Gajic et al. reported a strong association between the use of large tidal volumes and the development of acute lung injury in patients who had no lung injury prior to mechanical ventilation (54).
There were very small changes between the 2 groups in terms of HCO3 -over time. The low tidal volume group essentially remained unchanged, whereas the high tidal volume group had an increase of about 2 mEq/L of blood lactate. This small change might not cause significant change in pH. Therefore, our results show no significant negative correlation of lactate signal with pH. A possible explanation is that most lactate is produced in well-perfused regions with viable cells and that in these regions H + can diffuse away to the blood stream more readily than lactate can. Also, the excess lactate production maybe dominantly related to true oxygen deficit and is independent of pH (55). In addition, one approach in the present study design was to keep PaCO 2 similar among groups by adding a dead space in the groups ventilated with high tidal volume and by increasing the respiratory rate in the low volume groups. This approach helped to exclude possible protective effects of hypercapnia in the experimental settings.
Epithelial cell apoptosis and organ dysfunction
One of the mechanisms by which ventilator induced-lung injury may lead to distal organ dysfunction is by increasing epithelial cell apoptosis in some of these organs. In the present study, a short period of HSR did not cause any increase in apoptosis. However, ventilation with a high tidal volume following HSR induced a marked increase in kidney and villi apoptotic epithelial cells, suggesting that mechanical ventilation with a high tidal volume plays an important role in this process. The increased apoptosis in the kidney was associated with a tendency toward an increased level of plasma creatinine, suggesting kidney dysfunction, a common clinical manifestation in patients with ARDS (56, 57) . We believe that the increase in creatinine was due to ventilatory strategy but may also be affected by potential diffuse damage to muscle in this model, since serum creatinine can increase temporarily as a result of muscle damage following reperfusion injury in skeletal muscle (58) . We also demonstrated that mechanical ventilation with high tidal volume induced apoptosis in epithelial cells of the villi of the small intestine following HSR. In turn, gut apoptosis could lead to bacterial translocation worsening systemic inflammation that promotes multiple organ dysfunction (59-61). Our results are in accord with a recent study reported by our group showing that mechanical ventilation with high V t and low PEEP led to increased epithelial cell apoptosis in the kidney and small intestine associated with a significant increase of plasma creatinine in a rabbit acid aspiration model of acute lung injury (27). In the previous study, we
proposed that high tidal volume ventilatory strategies can lead to translocation of soluble Fas ligand from the lungs to systemic compartments leading to multiple organ apoptosis (27). As in this previous study, we found decreased apoptosis in the lungs undergoing ventilation with the injurious strategy after HSR, possibly related to increased necrosis of epithelial cells produced by severe injury induced by mechanical ventilation (27). There was no evidence of changes in liver histology although the levels of liver enzymes tended to be higher in the animals ventilated with a high tidal volume compared to those ventilated with a low tidal volume following HSR, suggesting that the liver might be affected in the present experimental model.
Conclusions
HSR is a significant priming factor for lung inflammation, increasing the lung's susceptibility to a secondary insult by mechanical ventilation. This can lead to severe lung damage, and is associated with changes in the kidney and the small intestine. Patients with hemorrhagic shock could be at high risk of developing VILI and its potential sequelae (i.e. multiple organ dysfunction). It is unclear whether these results are relevant in humans; however, it seems prudent to ensure that a lung protective strategy is used in the clinical setting in patients with hemorrhagic
shock. Further studies are warranted to investigate potential anti-inflammatory therapies in the context of resuscitation and VILI. sampling, and whenever needed to correct hypotension (MAP < 70 mmHg). Rectal temperature was maintained at 37 ± 0.5 °C by using a heating pad.
Measurement of lung mechanics and blood gases
Airway pressures (peak and plateau pressures) were recorded using a data acquisition system (National Instrument DAQCard 700, Austin, TX) at a sampling rate of 200 Hz (ICU Lab, KleisTEK Engineering, Bari, Italy). Lung elastance was calculated using the following formula: (Plateau Pressure -PEEP)/ Vt. Plateau pressure was measured at the end of a 3 to 4 second end-inspiratory occlusion; PEEP was measured at the end of a 3 to 4 second end-expiratory occlusion. Upon completion of the experiment, expiratory system pressure-volume curves were constructed as described below.
Respiratory system pressure-volume curves
The method has been described previously (1) . Briefly, at the end of the experiment, the animals were disconnected from the ventilator to allow airway pressure to reach atmospheric pressure. The lungs were inflated twice to an airway pressure of 30 cmH 2 O, followed by determination of static pressure-volume curves, by manually injecting 0.5 to 1 cm 3 aliquots of air in a stepwise fashion starting at atmospheric pressure and continuing until an airway pressure of 30 cm H 2 O. This was followed by generation of a deflation curve by withdrawing air using a similar step-wise approach. Volumes were held at each step for 6 seconds, before the next injection of air.
Sampling
All animals were sacrificed following the conclusion of the experiment by a sodium pentobarbital overdose. The lungs were excised via a midline sternotomy. The left lung was used to measure wet to dry (W/D) lung weight ratio. The right lung was removed and homogenated in Triton X solution, and was then centrifuged (5804R;
Eppendorf, Brinkmann Instruments, Westbury, NY) at 5,000 x g at 4 °C for 10 min. The supernatant was collected for determination of cytokines. The kidney and intestine were removed and stored in 4 % paraformaldehyde in PBS (pH 7.3) for apoptosis analysis.
Control blood samples and organs were obtained from 2 sham operated rats that were killed after instrumentation.
Measurements of cytokines and biochemical markers of organ dysfunction
Analysis of cytokines (TNF-, IL-6, MIP-2) in the plasma and lung homogenate was performed in a blinded fashion by technicians using ELISA kits specific for rats (BioSource International, Camarillo, CA). The detection limit was 4 pg/ml, 8 pg/ml and 1 pg/ml for TNF-, IL-6, MIP-2, respectively. The absorbance of each well was read at 450 nm with a Multiskan Asscent microplate photometer (Thermo Lab systems, Helsinki, Finland).
Total protein concentration in the lung homogenates was determinate as per the protocol for the Coomassie Protein Assay (Pierce, Rockford, IL), using bovine serum albumin to construct the standard curve.
Aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), lactate, and creatinine were measured in plasma at the end of the experiments.
Apoptosis assay of Lung and Distal Organs
Fluorescent terminal deoxynucleotidyltransferase-mediated dUTP nick endlabeling (TUNEL) staining was used to assay cellular apoptosis on lung, kidney and intestine in a blinded fashion by a pathologist (RH). TUNEL analyses were conducted using apoptosis detection system (Fluorescein, Promega). TO-PRO3 (Molecular Probes) was used as nuclear counterstain and images were captured by a confocal microscope (BioRad). Twelve randomly chosen fields of each section were captured and morphometric analyses (fraction of TUNEL (+) cells: apoptotic cells/total nuclear staining cells) were performed with the tissue from the lungs and the kidneys. Intestinal apoptotic positive cells were counted without being calculated as a ratio over total cell numbers because of highly condensed nuclear staining making it impossible to obtain a reliable cell count. Apoptotic cell counting was conducted in a blinded fashion by a technician who was not involved in the project.
Lung wet/dry ratio
Lung permeability was assessed by wet/dry weight ratio. The lower lobe of the left lung was harvested, weighed (wet weight) and dried in an oven for 72 h at 50 °C and reweighed (dry weight).
Organ histology
The lung, liver and small intestine were fixed in 4% formalin for H&E staining. The histological slides were read by a pathologist.
Statistical analysis
All data are expressed as mean ± SEM. Comparison among the groups was performed using a two-way analysis of variance for repeated measures. One-way analysis of variance, followed by a t-test were used when appropriate. Post hoc analysis was performed using a Bonferroni test. A p < .05 was accepted as significant.
